Fourier transform infrared absorption spectroscopy has been used to study the adsorption of methanol on the clean Ru͑0001͒ surface at T Յ 80 K. Thereby, clear evidence for intact adsorption has been found. This observation contradicts previous studies which suggested an OH ͑OD͒ bond scission upon adsorption of methanol on Ru͑0001͒, even at low temperatures, as well as partial recombinative desorption at higher T. Our conclusion is based on isotopic shifts of vibrational modes associated with the OH ͑OD͒ group of adsorbed CH 3 OH and CH 3 OD. Density functional theory ͑B3LYP͒ confirms these findings, as it reproduces the observed frequencies and isotopic shifts well. Additional support for our conclusion of nondissociative adsorption of methanol on Ru͑0001͒ is provided by thermal desorption experiments of CH 3 OH coadsorbed with deuterium on Ru͑0001͒. We find that CH 3 OD formation is clearly below detection threshold, while desorption of CH 3 OH is quite prominent; a recombinative desorption of dissociated methanol and hydrogen/ deuterium as suggested in the literature is therefore discarded. At very low coverages and temperatures the presence of isolated methanol molecules or dimers is suggested. With increasing density or by annealing a low coverage methanol layer, hydrogen bonding leads to cluster formation, as evidenced by an intensity loss of those vibrational modes affected by hydrogen bonds, in conjunction with a substantial line broadening.
I. INTRODUCTION
The investigation of the adsorptive and reactive properties of methanol on transition metal surfaces deserves attention for various reasons. First, methanol is the smallest alcohol, yet it has a relatively high complexity with its C-H, C-O, and O-H bonds.
1 Therefore, it is a good model system for understanding selective activations of chemical bonds of more complex molecules. Also, it has a high technological relevance in applications such as the direct methanol fuel cell, where Ru/Pt alloys are used as catalysts for dehydration of methanol. 2, 3 In the past, the adsorption and thermal evolution of methanol has been studied experimentally as well as theoretically on numerous catalyst surfaces, such as Ru, [4] [5] [6] [7] [8] Cu, [9] [10] [11] [12] [13] Rh, 8, 14 and Pt. [15] [16] [17] [18] Especially, there exist ample theoretical works concerning the adsorption and dissociation pathways of methanol on different metal surfaces. 10, 11, 13, 17, 18 Specifically, binding energies and geometries of reaction intermediates, as well as energetic activation barriers of the decomposition steps, have been calculated using density functional theory ͑DFT͒.
On Cu͑111͒ ͑Ref. 9͒ as well as on Pt͑111͒, 15, 16 methanol adsorbs molecularly at low temperatures without dissociation. Annealing to T Ͼ 140 K desorbs methanol entirely from Cu͑111͒; on Pt͑111͒ chemisorbed methanol decomposes to form CO and H at 230 K. 15 Referring to DFT calculations 11, 13, 17, 18 on Cu͑111͒ as well as on Pt͑111͒, methanol is bonded atop through the oxygen atom. On Cu͑111͒ Greeley and Mavrikakis 11 found that the hydroxyl group of methanol is oriented close to parallel to the surface plane.
According to Solymosi et al. 14 adsorption of CH 3 OH on Rh͑111͒ initially occurs dissociatively producing a methoxy species ͑CH 3 O͒ at 100 K. At higher coverages, but still in the submonolayer regime, intact molecules have been observed.
Using high resolution electron energy loss spectroscopy ͑HREELS͒ Hrbek et al. 6 concluded that the adsorption of methanol on the hexagonally close packed Ru͑0001͒ surface spontaneously undergoes O-H bond breaking to form methoxy, even at 85 K. Specifically, they took the absence of the OH stretching mode for low coverage layers as valid evidence for the absence of species containing an OH group, e.g., of intact methanol.
Laser induced thermal desorption experiments have been reported by Deckert et al. 5 and some indications for the presence of intact methanol on Ru͑0001͒ at low coverages and low temperatures have been found. However, based on the HREELS measurements of Hrbek et al. 6 the authors concluded that dissociative adsorption of methanol should prevail. According to Barros et al. 4 this interpretation still seems to hold. In their paper they likewise could not detect vibrational modes associated with the O-H group of methanol and they concluded that their infrared absorption spectroscopy ͑IRAS͒ results are fully consistent with the vibrational spectra of Hrbek et al.
As we will show in this study these results and interpretations need to be revised. For example, we find that the O-H stretching mode is barely visible at low and intermediate coverages and this appears to be a common phenomenon encountered for adsorbed methanol. In accordance with recent theoretical calculations on Cu͑111͒ and Pt͑111͒, 11, 17, 18 we conclude that the OH bond orientation is close to parallel to the surface, and that ͑OH͒ gains intensity only upon clustering, very similar to water adsorption on Ru͑0001͒; 19, 20 it is quite likely that this particular behavior may have misguided the authors of the early papers. Moreover, the inferior spectral resolution of HREELS as compared to IRAS did not allow Hrbek et al. to resolve crucial details in their vibrational spectra, 6 which, erroneously led them to attribute the spectra of the ͑intact͒ methanol submonolayer to a methoxy species ͑CH 3 O͒. By applying IRAS, Barros et al. 4 and Pinto et al. 21 elaborated further on this issue and attributed their vibrational spectra of methanol adsorbed in Ru͑0001͒ at about 90 K to a methoxy species as well. The spectral appearance of what allegedly should represent methoxy, however, deviates substantially from methoxy on other surfaces such as Cu͑100͒, Cu͑111͒, and Mo͑110͒. 9, 22, 23 We therefore re-examined the thermal evolution of methanol on Ru͑0001͒, which will be described in detail in a separate publication; in the present work we will primarily focus on the initial state of adsorption of methanol and we will only briefly introduce the methoxy species on Ru͑0001͒ in Fig. 1 to make a point. Quite obviously, the spectral signature of methoxy is indicative of a perpendicular orientation of the C-O axis as the methyl umbrella mode ␦ s ͑CH 3 ͒ at 1421 cm −1 is the only CH bending mode observed. The CH stretching region is dominated by the three modes at 2811, 2866, and 2925 cm −1 , which can be attributed to the symmetric s ͑CH 3 ͒ stretching mode in Fermi resonance with 2␦ s ͑CH 3 ͒ and 2␦ as ͑CH 3 ͒ overtones. The prominent band at 992 cm −1 is attributed to ͑CO͒ of the methoxy species adsorbed on Ru͑0001͒ with C 3v symmetry. Available literature 12, 23 concerning methoxy on other metal surfaces report very similar spectra as shown in Fig. 1 , so that we are convinced that our spectra do in fact represent adsorbed methoxy on Ru͑0001͒. We note that HREELS spectra reported by Hrbek et al. 6 after annealing to 230 or 260 K are fully compatible with our data; their methanol/Ru͑0001͒ layers annealed to 195 K ͑quick flash with 10 K/s͒, on the other hand, represent intact methanol according to our data and not methoxy as invoked by the authors of that investigation.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
All experiments were performed in an UHV chamber with a base pressure p =6ϫ 10 −11 mbar. The experimental facility contains equipment for x-ray photoelectron spectroscopy ͑XPS͒, low energy electron diffraction, temperature programmed desorption ͑TPD͒, Fourier transform infrared absorption spectroscopy ͑FTIRAS͒, and measurements of work function changes using a Kelvin probe. The sample is a Ru single crystal with a diameter of 10 mm, a thickness of 2 mm, an orientation in the ͑0001͒ direction, and a purity of 99.999%. It is mounted on a liquid He or N 2 cooled cryostat and it can be heated up to 1570 K with linear heating rates of 0.1-10 K/s. The sample temperature is limited by our thermocouple ͑type K͒. The used FTIR instrument is a Bruker IFS 66v. Due to its evacuable optics ͑p Ͻ 1 mbar͒ bothersome absorptions of water or carbon dioxide can be avoided. The polarized IR radiation is produced by a water cooled blackbody source ͑Globar͒, in conjunction with a wire grid polarizer. Within this work liquid nitrogen cooled mercurycadmium-tellurium or InSb detectors were used, allowing for measurements in the spectral ranges 600-4000 or 1800-4000 cm −1 , respectively. Typically, IRAS spectra were taken at a resolution of 2 cm −1 with 500-1000 scans coadded. For the IR measurements the sample was positioned in a dedicated IR cell, which contained an additional titanium sublimation pump. A uniform gas exposure is provided by a multicapillary array with individual diameters of Ӎ10 m. The sample was cleaned by Ar + sputtering ͑1.5 keV, 1 A͒ and multiple O 2 dosing cycles combined with flashing the sample up to 1570 K.
The cleanliness of the sample was monitored with XPS or by analyzing the IR spectral line shape of adsorbed CO: Typically, a C-O linewidth of 4.5 cm −1 and about 15% change in reflectivity are obtained for a well ordered Ru͑0001͒-͑ ͱ 3 ϫ ͱ 3͒-CO layer at T Ϸ 80 K and an instrumental resolution of 2 cm −1 . 24 In our case we have additionally examined the C-O line shape of the 13 C 16 O isotopic species which is subject to negligible dynamic dipole coupling and line narrowing.
The methanol was cleaned by repeated freeze-and-thaw cycles. All methanol doses in this paper are given as the product of the pressure in our gas dosing system and the exposure time. Therefore they are specific to our experimental setup and can be compared with each other only but not with methanol doses reported in other publications. The unit used is mTorr s; 10 mTorr s approximately leads to 10% saturation of the first layer.
Electronic structure calculations of CH 3 OH-CuH and CH 3 OH-Ru clusters have been performed with the GAUSS-IAN03 package 25 using the Linux cluster at Lunarc, the center for scientific and technical computing for research at Lund University. Besides vibrational frequencies these calculations, in particular, unravel the normal mode displacement patterns and coupling schemes of the various modes of inter- 3 OH covered sample ͑T ads =20 K͒ was heated with 1 K/s to 220 K and recooled for data acquisition. In order to highlight the spectral region of the CH bending modes, the spectrum is additionally displayed at a five times enlarged vertical scale.
est. We are using the hybrid density functional method B3LYP and the basis set 6-311+ G͑d , p͒ for the CH 3 OH-CuH cluster ͑an extra hydrogen is attached to the Cu atom to close the shell͒. We have previously found that it gives converged frequencies within the 6-311G basis set with respect to addition of diffuse functions and polarization functions. 26 For the CH 3 OH-Ru cluster the Lanl2dz basis set is used for the Ru atom since 6-311G is not available. In the present calculations we are only using one metal atom to represent the surfaces since the aim here is to investigate isotopic shifts rather than absolute values of frequencies. The integrity of this approach has been demonstrated previously. 27 The single coordination as well as the weak bonding to the metal surface further justifies this lowest order representation of the surface. In order to make the comparison between experiment and calculations more transparent and efficient we chose to present the Ru data only. Since the difference in calculated frequencies for the two different metals are small, Ͻ34 cm −1 for the modes below 1600 cm −1 , and the isotopic shifts are quantitatively close, this could be done without any loss of stringency in the analysis. The anharmonicity of the vibrational modes is treated by a general scaling factor, 0.9679, determined for the 6-311+ G͑d , p͒ basis set. 26 The almost universal Fermi resonance coupling between the 2␦ s ͑CH 3 ͒, 2␦ as ͑CH 3 ͒, and fundamental ͑C-H͒ modes as observed for methoxy 12, 23, 28 is thereby ignored; as the C-H stretch modes are well separated from the other modes of methanol, the consideration of this anharmonic mode coupling a posteriori is straightforward.
III. RESULTS AND DISCUSSION
An adsorption series of methanol on a Ru͑0001͒ surface is presented in Fig. 2 . The plot shows infrared absorption spectra at five different methanol coverages ⌰ M , increasing from top ͑A͒ to bottom ͑E͒. Methanol was dosed at T ads = 80 K. Following each step an IRAS spectrum was taken at a resolution of 2 cm −1 with 500 scans coadded. Spectra A and B represent averages of two spectra at identical methanol coverages.
The displayed spectral range covers the C-H bending modes at 900-1550 cm −1 , as well as the C-H and O-H stretching bands above 2700 cm −1 . No features are observed in the range 1500-2700 cm −1 ; CO contamination was well below our noise level ͓⌰ CO Ӎ 2 ϫ 10 −4 ML ͑monolayer͔͒, even after 1-2 h. At small coverages the most intense peak is located at 975 cm −1 ; it is attributed to the C-O stretch mode of methanol, in accordance with the literature. 28, 29 Additional peaks are observed at 1061, 1304, and 1454 cm −1 ; in the region of C-H stretching modes ͑2800-3100 cm −1 ͒ several bands are found at 2822, 2926, 2969, and 2994 cm −1 ͑low coverage values͒. The multiplicity of these modes is the result of the well documented Fermi resonance coupling within methyl groups, i.e., of CH 3 stretching vibrations and the overtones of the various CH 3 bending vibrations. 12, 23, 28 Interestingly, all vibrational bands are quite narrow at low ⌰ M and they broaden considerably at elevated ⌰ M . Eventually multilayers build up. The assignment of the vibrational modes is given in Table I. A key observation in the spectra of Fig. 2 are the peaks at 1061 and 1304 cm −1 , which grow in parallel at small methanol coverages ͑spectra A and B͒ and vanish at higher ⌰ M . Very similar bands have been observed for Ar-matrix isolated and gas phase methanol by Serrallach et al. 29 and Herzberg. 28 Based on various isotopically substituted methanol species they attributed these two bands to the CH 3 rocking and the ␦͑OH͒i.p. ͑in plane bending͒ modes of intact methanol, respectively. While this agreement corroborates our hypothesis of a weakly interacting, intact methanol species adsorbed on Ru͑0001͒, our DFT calculations reveal that the mode assignments have to be revised. Specifically, we find that the 1304 and 1061 cm −1 bands correspond to the mixed ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ in phase and out of phase modes, respectively ͑the index i.p. means "in plane," i.e., the vibrational motion is parallel to the methanol symmetry plane͒.
Our interpretation of intact methanol adsorption at low coverages on the clean Ru͑0001͒ disagrees with existing literature: these reported that methanol adsorbs dissociatively to form a methoxy species ͑CH 3 O͒ by means of spontaneous O-H bond breaking. 4, 6 Evidence for methanol decomposition was the lack of detecting of the ͑OH͒ stretching mode at about 3300 cm −1 . This mode was reported absent until high methanol coverages were adsorbed, which is consistent with our observations. More precisely, the ͑OH͒ mode is missing for low methanol exposures ͑A-D͒ and it appears as a weak and broad feature at 3200-3400 cm −1 only at elevated ⌰ M , e.g., in spectrum E of Fig. 2 ; the methanol coverage of spectrum E is estimated to be about 0.7 ML. The enhanced oscillator strength of the O-H stretch mode is most likely in-1000 1200 1400 2800 3000 3200 3400
Frequency [cm duced by a structural rearrangement, as evidenced by the evolution of this band at even higher dosages: a threefold increase in methanol exposure ͑compared to spectrum E͒ enlarges the intensity of ͑OH͒ by a factor of 12. In parallel, the ͑OH͒ vibrational frequency approaches the methanol multilayer value.
In order to assure that the peaks at 1061 and 1304 cm −1 are in fact related to O-H, supporting our idea of a nondissociative methanol adsorption at 80 K, deuterated methanol CH 3 OD was adsorbed. Figure 3 shows IRAS spectra of small amounts of CH 3 OH and CH 3 OD adsorbed at 80 K on the clean Ru͑0001͒ surface. As can be seen in Fig. 3 the peaks at 1061 and 1304 cm −1 are strongly altered upon OH↔ OD isotopic substitution due to a pronounced isotopic frequency shift. The residual intensities of both bands in the CH 3 OD spectrum are due to a H ↔ D exchange at the chamber walls; this affects the OH group but not the CH 3 group ͑2900-3000 cm −1 ͒ of methanol. The parallel shift of the 1061 and 1304 cm −1 modes is a clear indication for a strong normal mode mixing of the O-D bending and the CH 3 rocking vibrations. The integrity of this interpretation is clearly reflected in the calculations, Table I . Accordingly, the two ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ out of phase and in phase modes are shifted down to 854 and 1207 cm −1 , respectively for CH 3 OD. The isotopic shifts are different for the two modes, 1.24 for the out of phase mode and 1.08 for the in phase mode, and they are perfectly reproduced by the calculations, 1.25 and 1.09, respectively. The asymmetry of the isotopic shifts is attributed to the ͑C-O͒ mode present at 975 cm −1 ͑CH 3 OH͒ and 982 cm −1 ͑CH 3 OD͒ which mixes differently with the two ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ modes. The observed reversed isotopic shift of ͑C-O͒ is qualitatively reproduced by the calculations, Table I , an additional indication for the suitability of the calculations. For modes belonging to the same irreducible representation, experimentally observed isotopic frequency shift factors may be used to cross check the made mode assignment ͑Teller-Redlich rule 28, 30 ͒. Here we will consider the three "low" frequency modes at 800-1300 cm −1 only, i.e., we will neglect the largely decoupled O-H stretching mode ͑OH͒ at significantly higher vibrational frequency ͑about 3300 cm −1 ͒. Taking into account all modes which show an isotopic shift in the spectra of Fig. 3 we obtain a value of 1.35, which is in very good agreement with the theoretical value of ͱ m D / m H = 1.41. The remaining difference is attributed to low frequency modes ͑hindered translations and rotations͒ not considered in this analysis because they are outside the spectral range of our experiment. The displacement vectors of the two modes as obtained by the calculations are depicted in Fig. 4 , along with their modifications upon deuteration of the OH group. The combined motion of the OH ͑OD͒ bend and the CH 3 ͑CD 3 ͒ rocking motion to form in phase and out of phase normal modes is apparent. An, at first sight, surprising observation is that the vibrational amplitude of the ͑OH͒ bending motion of the ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ in phase mode at 1289 cm −1 ͑1187 cm −1 for CH 3 OD͒ is substantially reduced upon deuteration. Interestingly, it is the 824 cm −1 band of CH 3 OD which exhibits an enhanced ͑OD͒ bending amplitude after H ↔ D isotopic substitution. This has probably led Serrallach et al. 29 to suggest a bold isotopic shift of 1344 cm −1 → 864.5 cm −1 upon OH↔ OD exchange while disregarding the dissimilar relative motion signature of these two modes ͑see Fig. 4͒ . Note that vibrational modes of complex molecules will always represent a superposition of all vibrations belonging to the same irreducible representation and their normal mode patterns will be simple only if the various vibrational frequencies are well separated from each other. Only in those cases can the identity of a vibrational mode be safely referred to the oscillation with the largest amplitude.
In a detailed theoretical analysis we have now examined this transition more closely. Specifically, the hydrogen mass of the OH subgroup has been increased in small steps until OD is reached. This way the complex mixing of modes belonging to the same irreducible representation of the C S symmetry group ͑AЈ symmetry͒ in the 800-1400 cm −1 range can be followed, as displayed in Fig. 5 . Together with the normal mode displacement patterns of Fig. 4 it is apparent that the various modes, especially the in phase ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ and ͑CO͒ stretching modes, experience a substantial intermixing upon OH↔ OD exchange. Specifically, we are dealing here with an avoided crossing phenomenon ͑no crossing of vibrational levels belonging to the same irreducible representation can occur 28 ͒. The out of plane o.p. ͑CH 3 ͒ rocking mode ͑AЉ symmetry͒ at 1123.8 cm −1 , on the other hand, is negligibly affected by the spectrally close modes of AЈ symmetry, in agreement with expectations.
In the course of our analysis of spectra we have consid- the ͑OCO͒ stretching vibration of bridge bonded formate ͑HCOO͒ is consistently associated with bands at 1300-1340 cm −1 ; since no other mode exists in the range 900-1500 cm −1 for this species, 1,31,32 at variance to our observations, the presence of formate can be ruled out. Formyl ͑HCO͒ and formaldehyde ͑CH 2 O͒ represent other prominent species which may be encountered as an intermediate species of dissociated methanol. For both species, however, the OH bond is broken; as has been demonstrated above ͑see Fig. 3͒ , the modes at 1061 and 1304 cm −1 are subject to substantial isotopic shifts when CH 3 OH is replaced by CH 3 OD. This observation safely excludes these two species to be accountable for the 1061 and 1304 cm −1 bands. A closer look at spectra C-E in Fig. 2 species which is produced only at intermediate coverages, possibly as a result of a disproportion reaction which will not be further discussed. Encouraged by our clear evidence for the presence of intact methanol, we have devoted extra effort to detect the seemingly missing ͑OH͒ band of CH 3 OH at low ⌰ M . In Fig. 6 increasing amounts of CH 3 OH have been adsorbed at 20-30 K and subsequently annealed to 60 and 80 K.
Indeed, we succeeded in observing the ͑OH͒ modes of intact methanol even in the submonolayer regime after adsorbing methanol at about 20-30 K ͑spectra A-D͒. Specifically, two modes are visible in the ͑OH͒ region at Ϸ3400 and Ϸ3500 cm −1 and they display a distinct redshift with increasing coverages. After heating to 60 K ͑spectrum E͒ both bands lose intensity; at 80 K ͑spectrum F͒ they are virtually gone. This is consistent with methanol adsorption at 80 K ͑see Fig. 2͒ , where ͑OH͒ modes remain undiscernible in the submonolayer regime. We speculate that these peaks are due to methanol monomers and dimers. Referring to calculations of Singnurkar et al. 13 methanol displays two ͑OH͒ modes in the dimer configuration on Cu͑110͒. Other calculations reported that the ͑OH͒ vibration of methanol liquid ͑or equivalently large clusters͒ is redshifted with respect to methanol gas ͑monomers͒. 34 Thus, the high frequency mode can be attributed to the free O-H stretch vibration of the monomer and the low frequency mode due to dimers interacting via hydrogen bonding O -H¯O. In any case, the ͑OH͒ mode of intact methanol can be observed, at least at low T Ͻ 60 K.
The weak oscillator strength of the ͑OH͒ mode at low methanol coverages is very likely caused by an unfavorable adsorption geometry of methanol. Assuming an O-H group which is oriented ͑nearly͒ parallel to the metal surface this mode will barely be visible in an IRAS spectrum. Such an orientation of an oxygen bonded methanol has actually been suggested by Greeley and Mavrikakis based on DFT calculations on Cu͑111͒. 11 On Pt͑111͒ a similar ͑on-top͒ adsorption geometry has been suggested; 17, 18 however, no OH bond angle has been specified. The persisting weak dipolar strength of ͑OH͒ for intermediate ⌰ M or after annealing to 80 K points at a still parallel orientation of the O-H bond for small ͑CH 3 OH͒ n clusters; in addition, line broadening induced by hydrogen bonding may contribute to the difficulty in detecting ͑OH͒. We note that pronounced clustering of methanol ͑and water alike͒ generally enhances ͑OH͒ considerably, as reported in the literature and as confirmed by our Fig. 2 . Interestingly, the line position of the ͑OH͒ mode observed in spectrum E in Fig. 2 at about 3200 cm −1 is in agreement with the calculated value for clustered methanol molecules. 34 Similarly, an experimental study of the clustering of four different monohydric alcohols, methanol to hexanol, in an Ar matrix in the temperature region of 20-45 K shows that the formation of methanol clusters gives a broad feature, 3100-3500 cm −1 , associated with the OH stretch in large clusters at 45 K. 35 The gradual vanishing of the peaks associated with the OH bend at 1304 and 1061 cm −1 ͑see Fig. 2 , C-E͒ can likewise be explained by a clustering of isolated methanol molecules as the coverage increases. Figure 7 shows the integrals of the 1061, 1304, and 1120 cm −1 peaks of Fig. 2 as a function of the methanol exposure at 80 K. The 1061 and 1304 cm −1 bands initially grow with increasing methanol coverage until they reach their maximum intensity; further methanol dosing causes a common shrinking of both bands, which is correlated with the emergence of a broad peak at 1120 cm −1 . Our interpretation is that single molecules or Int [% cm small methanol clusters ͑dimers, trimers, etc.͒ experience an attractive interaction by means of hydrogen bonding, eventually leading to the formation of larger two-dimensional ͑2D͒ methanol islands; it is therefore suggested that the 1120 cm −1 peak refers to the out of phase ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ mode of clustered methanol molecules.
Clustering or building of 2D islands supposedly does not start until a minimum density of methanol is reached, and it is accelerated at slightly elevated temperatures. This is why annealing of a sample with a low initial methanol coverage likewise causes the disappearance of the 1304 and 1061 cm −1 modes: For increasing temperatures the integrals of these peaks remain about constant until 60-70 K ͑see Fig.  8͒ . Further heating up to 80 and 100 K lowers their intensities by 30% and 80%-90%, respectively, in parallel to the growth of the peak at 1120 cm −1 . Very much the same as the 1304 and 1061 cm −1 bands, the ͑OH͒ mode gradually vanishes ͑Fig. 6, F͒. The behavior of the OH stretch mode is again consistent with Pogorelov et al. 35 In their work they observed that spectral lines, at 3378 and 3495 cm −1 , in the OH stretch region of methanol develop upon initial clustering ͑dimers, trimers, etc.͒. These lines are then replaced by a broad feature ͑3100-3500 cm −1 ͒ as the Ar matrix is heated to 45 K and larger clusters are formed.
We note that the lower methanol coverage employed in Fig. 8 as compared to the annealing series of Fig. 6 leads to an improved thermal stability of the low T ͑monomer͒ species. At 120 K the 1304 and 1061 cm −1 modes have vanished completely. We conclude that the mobility of adsorbed methanol molecules leading to clustering of these sets in at about 60 K; at very low coverages the temperature range characteristic for clustering is shifted to slightly higher T. In general the frequency shifts associated with clustering are only minor, e.g., 975→ 1000-1020 cm −1 for ͑CO͒ and 1061→ 1120 cm −1 for the mixed ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ out of phase mode, whereas the line broadening is substantial. Regarding the differences with respect to the spectra presented by Barros et al., 4 we can only speculate that the used methanol coverages in their study should have been much lower in order to detect the O-H bending vibrations of intact methanol.
A similar phenomenon was observed for the adsorption of water ͑D 2 O͒ on Ru͑0001͒ ͑Refs. 19 and 20͒ using IRAS and TPD. Small amounts of water ͑0.07 ML͒ deposited at 25 K on the clean Ru͑0001͒ surface and annealed to increasingly higher T are subject to a structural phase change at 90 K, as deduced from the vanishing of the ␦͑DOD͒ scissor vibration at 1157 cm −1 . Besides, the authors of Refs. 19 and 20 observed an analogous change in their IRAS spectra after gradually increasing the water coverage, which they interpreted as a clustering of water monomers by building hydrogen bonds.
According to the original work of Hrbek et al., 6 a set of thermal desorption spectra with different initial methanol coverages displayed a second order desorption kinetics of methanol molecules, which was attributed to the recombinative desorption of dissociated methanol ͑methoxy͒ with previously detached hydrogen. In order to analyze possible recombinative desorption of methanol, we performed TPD with and without coadsorbed deuterium. In Fig. 9 TPD spectra of methanol adsorbed at 80 K onto clean Ru͑0001͒ and with 0.5 ML D preadsorbed are displayed. Before we discuss the outcome of our TPD experiments we need to take a close look at the methanol mass spectrum and the various cracking products: A schematic view of the relevant section of the mass spectrum of CH 3 OH is provided by Fig. 10 . As can be seen mass 28 u has the highest relative abundance. Yet, the usage of 28 u to monitor desorbing methanol would severely interfere with the signal of desorbing CO which is produced during the thermal evolution of methanol.
Although the mass of methanol equals 32 u we use mass 31 u for methanol detection. It is the mass with the highest intensity which can definitely be assigned to desorbing methanol molecules, avoiding interference with possible reaction intermediates. For example, the mass 32 u signal can lead to a mix-up of O 2 and CH 3 OH, in addition to the substantial interferences with the fragments of the CH 3 OD isotopic species. Mass 31 u can be assigned to the ionic frag- 3 OD, a discrimination of these isotopic species would be difficult, rendering this particular mass an unfavorable choice. Since the relative intensity of 31 and 32 u signals is 1.50 for CH 3 OH, the mass 33 u signal amounts to 1.50% of mass 32 u ͑our 100% reference signal in Fig. 10͒ for desorbing CH 3 OH. This value precisely matches to sum of the natural abundances of 13 Annealing the methanol covered Ru͑0001͒ surface up to 600 K exhibits three desorption peaks of methanol ͑mass 31 u signal͒ as shown in Fig. 9 . The left panel of Fig. 9 contains TPD spectra of three different initial methanol exposures on Ru͑0001͒ obtained at a heating rate of 1 K/s. The various desorption traces agree nicely with data reported earlier by Deckert et al. 5 Apparently, the desorption temperatures of the high temperature peaks at about 210-220 K are very similar for all three curves, indicating first order kinetics for desorbing methanol; originally, second order kinetics has been reported by Hrbek et al., 6 which led them to suggest recombinative desorption of methoxy and hydrogen CH 3 Our data are at variance to this finding, supporting our model of nondissociative adsorption at 80 K, as well as desorption of intact methanol. We note, however, that the apparent desorption order does not always reflect the underlying surface processes in an unequivocal way; 37 such an analysis usually fails in cases of ͑attractive͒ lateral interactions and, related hereto, if phase transitions occur.
In the following, we will expound why the 210 K desorption definitely cannot stem from recombinative desorption of methanol. This evidence was obtained by preadsorbing 0.5 ML deuterium on the Ru͑0001͒ surface and measuring TPD spectra shown in the right panel of Fig. 9 . We note that, according to our IR spectra, the thermal evolution of CH 3 OH with and without coadsorbed hydrogen proceeds very similar, with simple site blocking representing the dominant interaction mechanism.
Let us assume for a moment that methanol decomposes to form methoxy at T Ͻ 210 K, as suggested in the literature. 4, 6 In this case hydrogen resulting from methanol decomposition and ͑pre͒adsorbed deuterium definitely will intermix. Thus, a subsequent recombination reaction should inevitably produce CH 3 OH as well as CH 3 OD. In Fig. 9 ͑right panel͒ we simultaneously monitored 31 and 33 u signals which display minimum ͑but nonzero͒ interference, as described above ͑in parallel, 2, 3, 4, 15, 18, 19, and 28 u signals have been measured͒. Yet, the observed intensity of the 33 u signal amounts to 1% of the intensity of the 31 u signal which is exactly the ratio experimentally observed for the desorption of nominal CH 3 OH ͑including naturally abundant isotopes͒ from the clean Ru͑0001͒ surface. We note that in addition to the correct intensity ratio of mass 33 and 31 u signals ͑according to regular methanol͒, the associated two curves match perfectly in terms of relative peak positions and intensities. Figure 11 shows IRAS spectra of methanol adsorbed at 80 K on clean Ru͑0001͒, Ru͑0001͒ with 0.5 ML deuterium preadsorbed, Ru͑0001͒-͑2 ϫ 2͒-O, and Ru͑0001͒-͑2 ϫ 1͒-O. In the low frequency range the signatures of all four spectra are very similar. Specifically, for all layers the in phase and out of phase ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ modes at about 1300-1350 cm −1 as well as at 1050-1100 cm −1 are observed, which is taken as clear evidence for intact methanol present on all three surfaces. Yet, ͑OH͒, expected at about 3300-3500 cm −1 , is very weak ͑tiny band at 3408 cm −1 in spectrum D͒ or virtually absent in spectra A-C probably due to the O-H axis of CH 3 OH being oriented parallel to the surface. The intensities in the high frequency C-H stretch region, in contrast, vary significantly. These differences presumably are due to slightly dissimilar frequencies of the fundamental CH 3 bending modes, altering the Fermi resonance coupling characteristics in the range 2800-3000 cm −1 .
IV. SUMMARY
In the present study clear evidence is provided that, contrary to common belief, methanol adsorbs nondissociatively on the clean Ru͑0001͒ surface; specifically, vibrational bands due to the OH bending and stretching modes have been detected. At low coverages and temperatures ͑30 K͒, intact methanol adsorbs as an isolated species or dimers. At T Ͼ 60 K it may already start building small clusters, e.g., dimers and trimers. This initial phase is characterized by distinct and narrow vibrational lines. For increasing surface coverages or upon slight annealing to about 100 K these small methanol clusters begin to form larger 2D islands by means of building a hydrogen bonding network. This transition is characterized by moderate peak shifts and a dramatic broadening of vibrational bands. In our opinion these circumstances can probably be held responsible for the lack of intact methanol identification in the past. Besides the clean and hydrogen precovered Ru͑0001͒ surface, intact adsorption of methanol is also found on the Ru͑0001͒-͑2 ϫ 2͒O and Ru͑0001͒-͑2 ϫ 1͒O surfaces at 80 K. This conclusion is based on the identification of the ͓␦͑OH͒ + i.p. ͑CH 3 ͔͒ in phase and out of phase modes at 1300-1350 and 1050-1100 cm −1 , respectively. The identification as well as the isotopic shifts of these two modes have been derived using DFT calculations. Additional support for our finding of negligible CH 3 OH→ CH 3 O + H dissociation during adsorption at low T is provided by TPD. Specifically, no intermixing of methanol with coadsorbed deuterium was observed for desorbing methanol at T Ӎ 210 K. Our identification of intact methanol adsorption on Ru͑0001͒ revises previous studies which suggested dissociative adsorption ͑CH 3 OH → CH 3 O+H͒, even at low T Ӎ 85 K, as well as recombinative desorption at elevated T.
